arly after the discovery of the signal transducing physiological functions of the free radical nitric oxide (
• NO) in the vasculature and nervous system (e.g., vasodilation and neurotransmission), it became evident that • NO could also participate as a cytotoxic effector molecule and͞or a pathogenic mediator when produced at high rates by either inflammatory stimuli-induced nitric oxide synthase (iNOS) or overstimulation of the constitutive forms (eNOS and nNOS) (1) . Much of • NO-mediated pathogenicity depends on the formation of secondary intermediates such as peroxynitrite anion (ONOO Ϫ ) and nitrogen dioxide ( • NO 2 ) that are typically more reactive and toxic than • NO per se (2) . The formation of reactive nitrogen species from • NO requires the presence of oxidants such as superoxide radicals (O 2
•Ϫ ), hydrogen peroxide (H 2 O 2 ), and transition metal centers, the concentration of which can be increased either by • NO itself or by the same mediators that up-regulate • NO production. Nitrogen dioxide can also be formed in hydrophobic environments from the reactions of • NO with molecular oxygen, where these species concentrate (3, 4) . One of the molecular footprints left by the reactions of reactive nitrogen species with biomolecules is the nitration (i.e., addition of nitro group, ϪNO 2 ) of protein tyrosine residues to 3-nitrotyrosine. The formation of protein 3-nitrotyrosine was originally addressed in early protein chemistry studies with tetranitromethane aimed at establishing the function of tyrosines in proteins (5) . This now-established posttranslational modification attracts considerable interest to biomedical research, because it can alter protein function, is associated to acute and chronic disease states, and can be a predictor of disease risk.
Seminal work by Beckman et al. (6) and Ischiropoulos et al. (7) demonstrated the capacity of peroxynitrite to cause protein tyrosine nitration in vitro and established the concept that biologically produced intermediates could promote nitration in vivo (8, 9) , as was also suggested in an earlier work by Ohshima et al. (10) . However, the role of peroxynitrite as a central species in biological nitration has been more recently questioned (11, 12) , and alternative pathways, most notably mechanisms that depend on the formation of • NO 2 by the action of hemeperoxidases and͞or transition metal complexes on a main product of • NO metabolism, nitrite (NO 2 Ϫ ), have been presented as contributors (12) (13) (14) (15) .
In addition to nitration, inflammatory conditions promote other oxidative modifications in tyrosine such as chlorination, bromination, and hydroxylation to 3-chloro-, 3-bromo-, or 3-hydroxytyrosine, the detection of which may assist in identifying preferential nitration pathways. The extent of these oxidative modifications in vivo can reach similar values per milligram of tissue protein (e.g., 10-100 pmol͞mg) and are comparable to the levels of protein S-nitrosation. It is also important to appreciate that other oxidative processes triggered by reactive nitrogen species such as thiol and methionine oxidation, disruption of iron-sulfur clusters, and oxidation of transition metal centers (2) can, in many cases, be more relevant than nitration in the promotion cell dysfunction͞death.
A balanced analysis of all of the existing in vitro and in vivo evidence indicates that more than one pathway can contribute to protein tyrosine nitration. Interestingly, the alternative nitration pathways share common characteristics, because they involve free radical biochemistry with the participation of transient tyrosyl,
• NO 2 , and carbonate (CO 3
•Ϫ ) radicals and͞or oxo-metal complexes.
NO Reaction with Superoxide and the Formation of Peroxynitrite
A relevant debate in the field has been whether peroxynitrite can be produced biologically at levels high enough to play a significant role in • NO-dependent pathology (16, 17) . Because peroxynitrite is a transient species with a biological half-life [10-20 ms (18) ] even shorter than that of • NO [1-30 s (1)], it cannot be directly measured, and its presence must be inferred from a combination of analytical, pharmacological, and͞or genetic approaches (19) . † The biological reactions of ⅐NO with O 2
•Ϫ were initially proposed during studies that characterized the chemical nature of the endothelial-derived relaxing factor as • NO (20) (21) (22) . Indeed, the biological half-life and actions of • NO in the vasculature were prolonged by superoxide dismutase (SOD), the enzyme that eliminates O 2
•Ϫ at diffusion-controlled rates, •Ϫ neutralized. Formation of peroxynitrite might also play subtle roles in signal transduction processes (36) (37) (38) (39) . However, identification of oxidation and nitration products in conjunction with pharmacological and͞or genetic approaches has substantiated direct toxicity of peroxynitrite in pathophysiologically relevant conditions (see ref. 19 and references therein and below). Peroxynitrite is a strong one-and two-electron oxidant and can also evolve to
• OH, • NO 2 , and CO 3
•Ϫ radicals. Peroxynitrite does not react directly with tyrosine (2) but oxidizes and nitrates it through its radical products. Revisions on the biological chemistry of peroxynitrite and its derived radicals have been published recently (2, 19, 40) .
The Transition Metal-Dependent Formation of Strong Oxidants and Nitrogen Dioxide
Elevations of redox active metals systems such as iron (Fe), copper (Cu), and manganese (Mn) contribute to oxidative damage in disease states (12, 14) . Also, inflammatory conditions trigger the release of leukocyte peroxidases, including myeloperoxidase (MPO) and eosinophil peroxidase (EPO), which play central roles in tissue oxidant formation (13, 15, 41 
Other hemeproteins, free hemin, and LMW complexes can undergo similar reactions to produce
• NO 2 , although presumably at lower rates (12) .
The reactions of peroxynitrite with oxidized transition metal centers including MPO (45) 
Although the H ϩ -or CO 2 -catalyzed homolysis results in radical yields of Ϸ30% and 35%, respectively, oxidant yield from metals (Eq. 6) can, in some cases, reach up to 100% (6, 46) . Thus, there is positive feedback among redox active metals and oxidants and
• NO to facilitate the production of the mediators of nitration.
Iron Regulatory Proteins,
• NO, and Oxidant Stress NO and oxidants influence the biochemical mechanisms that regulate cell iron homeostasis and that involve iron regulatory proteins 1 and 2 (IRP-1͞2). IRPs play pivotal roles in assuring the maintenance of iron in the LMW pool at levels sufficient for the biosynthesis of heme-and nonheme proteins but not exceeding amounts that may impose a risk of metaldependent oxidative damage (47) . IRP-1 in its inactive state contains a cubane 4Fe-4S cluster with a labile iron (Fe␣) and displays aconitase activity. Total disassembly of the cluster to the apoprotein yields a fully active IRP-1, which in turn promotes down-regulation of ferritin and up-regulation of the transferrin receptor with an overall increase of LMW iron. Mild oxidative stress and͞or • NO levels lead to IRP-1 activation, whereas overproduction of reactive oxygen species or peroxynitrite extends their action beyond ‡ Under some circumstances, SOD could augment the bioavailability of • NO by O 2
•Ϫ -independent mechanisms such as (i) the SOD-mediated oxidation of nitroxyl anion (NO Ϫ ) to • NO (26);. and (ii) the SOD-mediated reduction of Snitrosothiols (27) . These alternative mechanisms for the actions of SOD could mainly operate intracellularly (28 reversible cluster disassembly and produces irreversible inactivation via oxidation of critical thiols. IRP-2 does not contain the iron-sulfur cluster, and its activity is controlled by level of expression and oxidant-stimulated proteolytic degradation.
The oxidant-dependent inactivation of IRPs may be viewed as a negative feedback to inhibit the amplification of oxidative damage but, in fact, it disrupts the reversible mechanisms for controlling iron homeostasis and may render the cell more vulnerable. Also, an increase of the labile iron pool by • NO may favor, on initiation of oxidant stress, nitration reactions in target cells before the homeostatic responses for iron sequestration at the protein expression level are achieved. Interestingly, during inflammatory conditions, IRP-1 is found to be not only inactivated but also nitrated (48) . The role of IRPs in the regulation of iron-dependent nitration reactions remains to be elucidated.
The Free Radical Pathways to Tyrosine Nitration
The very existence of 3-nitrotyrosine in vivo supports free radical biochemistry (Fig. 1) . In fact, the two most widely invoked mechanisms of biological nitration, namely the peroxynitrite and the hemeperoxidase pathways, lead to the concomitant formation of tyrosyl radicals and • NO 2 , which combine at diffusioncontrolled rates to form 3-nitrotyrosine (Fig. 1) .
The oxidants leading to tyrosyl radical are either CO 3 •Ϫ or oxo-metal complexes and, to a lesser extent, • OH. Importantly,
• NO 2 alone is inefficient in promoting nitration, because it must react first with tyrosine to yield tyrosyl radical, a reaction that is slow compared to other processes that • NO 2 undergoes, for example, with thiols. The dimerization of tyrosyl radicals to 3,3Ј-dityrosine competes with the formation of 3-nitrotyrosine. However, protein tyrosyl radicals can be stabilized, with intra-and intermolecular dimerization limited due to spatial and diffusional constraints, both in aqueous and hydrophobic compartments, in which case their reaction with • NO 2 is favored. Another competing pathway is the formation of 3-hydroxytyrosine, which can be mediated by • OH and oxo-metal complexes (15) . An alternative radical mechanism for tyrosine nitration involves the reaction of a tyrosyl radical with • NO to form 3-nitrosotyrosine followed by a sequential two-electron oxidation to 3-nitrotyrosine via tyrosine iminoxyl radical; this mechanism may operate in transition metal-containing proteins that can readily oxidize 3-nitrosotyrosine before the latter can reversibly generate tyrosyl radicals and
• NO, such as in the case of prostaglandin H synthase-2 (49).
Is Electrophilic Aromatic Nitration a Biological Mechanism?
The reactions of peroxynitrite with transition metal centers may promote tyrosine nitration by a free radical-independent chemistry, namely electrophilic aromatic nitration (6, 7) . In this mechanism, peroxynitrite would first form a complex with the transition metal to yield a polarized carrier of nitronium cation (NO 2 ϩ ), which may then decompose to free NO 2 ϩ by heterolysis (Eq. 7):
Then, the polarized carrier or NO 2 ϩ itself could attack tyrosine as a two-electron acceptor to yield a nitroarenium ion intermediate, which then evolves to 3-nitrotyrosine and a proton (50) (Eqs. 8-10):
The half-life of NO 2 ϩ is too short in aqueous systems because of its fast reaction with H 2 O and subsequent decay to NO 3 Ϫ , and therefore the metal-bound NO 2 ϩ complex would be the proximal reactant (Eq. 8). This mechanism of nitration § may operate for some metal complexes such as in the peroxynitrite-dependent nitrations of Tyr-108 of bovine CuZn SOD (6) or Tyr-34 of human MnSOD (51), although current data cannot rule out a free radical mechanism.
Electrophilic aromatic nitration can also occur in vitro by the action of nitryl chloride (NO 2 Cl), formed from the relatively slow reaction of MPO-derived hypochlorous acid with NO 2 Ϫ . However, the role of NO 2 Cl as a nitrating molecule in vivo is highly unlikely (52) . In summary, present evidence cannot yet confirm that electrophilic aromatic nitration is a biologically relevant mechanism.
The Limited Efficiency of the Nitration Reactions in Biology
Biological nitration yields are low, and, under inflammatory conditions, one to five 3-nitrotyrosine residues per 10,000 tyrosine residues (100-500 mol͞mol) are detected (15, 53) . This is due to a multiplicity of processes (reactions, diffusion) that the precursors of nitrating species , oxo-metal complexes) can undergo, to repair mechanisms of the tyrosyl radical such as reduction by glutathione and, presumably, by metabolism of 3-nitrotyrosine. ¶ § In the electrophilic aromatic nitration mechanism, there is no net redox change in the metal center (Eqs. 7-10). However, direct and unambiguous spectroscopic observation is sometimes difficult due to low steady-state concentrations and͞or the absorption of peroxynitrite-metal complexes; additionally, there is no formation of • NO2. ¶ Nitrated proteins can also undergo enhanced proteolytic degradation (54) , and reports have suggested that a denitrase activity may be present in vivo (55) . fluxes in vivo will serve to trap more of the partner radical, which otherwise is being consumed by other processes instead of accumulating and interfering with the nitration process. Experimental confounding factors have also obscured this discussion, including, in some works, the presence of uric acid (see below) and the lack of consideration of the diffusional properties of extracellular peroxynitrite and CO 3
•Ϫ . Thus, a modest nitration but one that is responsive to the increase on the absolute • NO and͞or O 2
•Ϫ production rates can be generated by peroxynitrite in vivo. As examples at the cell level, the role of endogenous peroxynitrite in protein nitration has been substantiated by thorough studies on motoneurons (59) and smooth muscle cells (60) undergoing biologically relevant challenges.
In inflammatory cells, the hemeperoxidase nitration pathway (MPO, EPO) appears to more important extra-than intracellularly, because intracellular peroxidases may have limited supply of NO 2 Ϫ (61, 62). However, after polymorphonuclear cell degranulation, MPO can be taken up by nonphagocytic cells, and a strong codistribution of MPO and 3-nitrotyrosine is observed in different inflammatory processes (63) . Excess • NO can also modulate the hemeperoxidase-mediated nitration; indeed, • NO readily reacts with resting state MPO as well as with compounds I and II, and therefore peroxidases may serve as catalytic sinks of • NO and influence nitration yields (64) .
The Biological Significance of Protein Tyrosine Nitration
The small fraction of nitrated protein in the context of total tissue protein questions its possible biological relevance. It is noteworthy to indicate, however, that (i) a relatively limited number of proteins are preferential targets of nitration, and (ii) within these proteins, only one or a few specific tyrosines can be nitrated (65) ; because the species participating in nitration have short diffusion distances and site-specific nitration occurs at metal-or hemeperoxidase-binding sites, nitration reactions can be concentrated on proteins, cell, or tissue compartments as revealed by immunochemical (with antibodies against protein 3-nitrotyrosine) and proteomic-based methods. Thus, although there is a dilutional effect in quantitating total nitrated protein by analytical techniques in tissues, nitration can be focused on specific tyrosines and potentially result in modification, loss, or gain of function.
Addition of a ϪNO 2 group to tyrosine lowers the pK a of its phenolic ϪOH by 2-3 units and adds a bulky substituent; if placed in relevant tyrosines, nitration can alter protein function and conformation, impose steric restrictions, and also inhibit tyrosine phosphorylation. However, to have biological significance, a loss-of-function modification requires a large fraction of protein to become nitrated at specific critical tyrosines and result in 3-nitrotyrosine to tyrosine ratios in the range of 0.1-1.0; documentation of these large ratios for a given protein in vivo is scanty, and it is doubtful that many proteins will undergo such an extent of nitration. An alternative scenario is a gain-of-function modification, in which case a small fraction of nitrated protein can elicit a substantive biological signal. This attractive concept has been shown in a few proteins such as cytochrome c, which acquires a strong peroxidase activity after nitration (66), in nitrated fibrinogen, which accelerates clot formation (67) and in protein kinase C, which becomes activated and translocates on nitration (68) .
A notable example of loss of enzyme activity linked to nitration in vivo is the mitochondrial enzyme MnSOD. This protein is nitrated by peroxynitrite in Tyr-34 by a Mn-catalyzed process, which leads to enzyme inactivation. Nitrated and inactivated MnSOD is found in acute and chronic inflammatory processes both in animal models and human diseases (69) . Interestingly, MnSOD nitration via the hemeperoxidase͞ • NO 2 pathway does not lead to significant inactivation (70), suggesting that nitration occurs at tyrosines that are more superficial than the metaladjacent Tyr-34, and that the association of nitration plus inactivation of MnSOD may serve to unravel the chemical nature of the nitrating species. A recent quantitation of the extent of MnSOD nitration in rat kidneys during angiotensin II infusion provided support for the hypothesis of nitration as a direct cause of enzyme inactivation (71) . Similarly, the vascular enzyme prostacyclin synthase (PGI 2 ) synthase becomes site-specifically nitrated by peroxynitrite at heme-adjacent Tyr-430 in a process catalyzed by the active site heme-thiolate involving transient ferrylspecies (72, 73) . Note that the subcellular distribution of PGI 2 synthase in vascular endothelium, colocalized with eNOS at the caveola, may further contribute for it to be a sensitive and critical target of peroxynitrite. ʈ Recent experiments indicate that inflammation of artery walls results in rapid PGI 2 synthase nitration by a peroxynitrite-dependent mechanism (73) . Examples of MnSOD and PGI 2 synthase affirm the concept that transition metal catalysis provides selectivity and efficiency to peroxynitrite as a biological nitrating agent. Finally, it is relevant to note that actin, which can constitute 5% or more of cell protein, is heavily nitrated in sickle cell disease and that the extents of nitration observed in tissues are sufficient to induce defective cytoskeletal polymerization (53) .
The clinical relevance of protein tyrosine nitration has been recently underscored by the observation of a strong association between protein 3-nitrotyrosine levels and coronary artery disease risk (75) . Circulating levels of protein 3-nitrotyrosine may serve as a biomarker to assess atherosclerosis risk as well as to monitor the vasculoprotective action of drugs. Interestingly, circulating MPO levels may also serve as predictor of cardiovascular risk (76) . Thus, enhanced • NO consumption by either vascular wall͞inflammatory cell-derived O 2
•Ϫ and͞or MPO provides a common link between decreases in • NO bioavailability and increases in protein tyrosine nitration.
Mitochondrial Nitration and Its Relevance to Cell Death
Mitochondria have been recognized as critical sources and targets of nitrating species (reviewed in ref. 77) . Although the formation of • NO mainly occurs at extramitochondrial sites, the facile diffusion of • NO to mitochondria and its combination ʈ Some metabolic conditions favor the role of NOS as a significant source of peroxynitrite (74) . NOS, in turn, can be nitrated and potentially inactivated both in vitro and in vivo.
with mitochondrial-derived O 2
•Ϫ results in the formation of peroxynitrite, which accounts for much of the disruption of mitochondrial metabolism initially attributed to direct actions of • NO and to the nitration of mitochondrial proteins. A cytochrome c-dependent peroxidase-like mechanism of nitration may also operate (70) . Mitochondrial proteins are nitrated in vitro and in vivo, including MnSOD, aconitase, cytochrome c, voltage-dependent anion channel, ATPase, and succinyl-CoA oxoacid-CoA transferase (77, 78) . The nitration͞inactivation of MnSOD operates as a positive loop for enhanced intramitochondrial peroxynitrite formation, which in turn triggers apoptotic signaling of cell death, in part by the thiol oxidation-dependent assembly of the permeability transition pore (77) . Detection of nitrated mitochondrial proteins and even nitrated cytochrome c in the cytosol may serve to reflect extents of mitochondrial • NO-dependent oxidative stress (66, 77, 78) . Importantly, the enhanced peroxidatic activity of nitrated cytochrome c (66, 77) may further contribute to oxidative damage.
Red Blood Cell Hemoglobin as a Sink of Nitrating Species
Not all hemeproteins promote peroxynitrite-dependent nitration under biologically relevant conditions, because some reduce it by two electrons to NO 2 Ϫ or isomerize it to NO 3 Ϫ (79-82). In this context, oxyhemoglobin (oxyHb), present at 5 mM in red blood cells, serves as a sink to capture intravascularly formed nitrating species. Indeed, a fraction of intravascularly formed peroxynitrite could diffuse into red blood cells before enacting target molecule reactions with plasma components (83) and could undergo a fast reaction with oxyHb, which results in its isomerization to NO 3 Ϫ , without significant formation of nitrating species (82 (60, 85) . In cases where SOD is not close enough to O 2 Ϫ sources, it can enhance peroxynitritedependent nitration (7, 8) . On the other hand, hemeperoxidase-dependent pathways can be stimulated by SOD, inhibited by catalase and MPO inhibitors, as observed in H 2 O 2 -producing inflammatory cells in the presence of NO 2 Ϫ (13). The participation of LMW iron in the nitration reactions can be assessed by metal chelators, which block Fenton chemistry, although experiments in this line are scarce. Importantly, desferrioxamine can also directly trap
• NO 2 and CO 3 •Ϫ and prevent tyrosine nitration (86) .
Uric acid inhibits nitration reactions and has been used as a scavenger of peroxynitrite in vitro and in vivo (87) . Although uric acid does not react at appreciable rates with peroxynitrite (2), it readily reacts with peroxynitrite-derived radicals and oxo-metal complexes. Unfortunately, the presence of uric acid has confounded the analysis of nitration yields by peroxynitrite in various reports when xanthine͞xanthine oxidase has been used as a source of O 2
•Ϫ and can be easily overcome with the use of alternative substrates (88) . LMW porphyrin complexes with Mn and Fe have SOD-mimic and peroxynitrite-reductase activities and react quickly with CO 3 •Ϫ (89). They have been successfully used to inhibit • NO-dependent injury and nitration in cell and animal models of inflammation (90, 91) . The redox and kinetic properties of these SOD-mimics and peroxynitrite decomposition catalysts can be modulated by changes in the porphyrin substituents, which can also affect its cellular͞tissue distribution, aspects that require further research. (92, 93) .** On the contrary, heterozygous MnSOD knockouts resulted in larger extents of brain nitration in a model of neurotoxicity, consistent with enhanced mitochondrial formation and reactions of peroxynitrite (94) .
Lessons from Genetics
MPO and EPO knockouts have evidenced the peroxidase-dependent nitration pathway in models of inflammation (15) , but the relative contribution was highly model-dependent. The inability of MPO from human neutrophils to cause nitration in some models may result from lack of H 2 O 2 substrate, because all O 2
•Ϫ can react with • NO to form peroxynitrite (25) and͞or because the nitration capabilities of hemeperoxidases may vary according to their access to NO 2 Ϫ and peroxynitrite (61, 62, 95) . In this context, release and sequestration of neutrophil-derived MPO in specific tissue compartments during inflammation are important aspects of MPO distribution and nitration capacity in vivo (63) . However, results involving MPO in mice should be cautiously extrapolated to human inflammatory disease; indeed, surprisingly, whereas MPO levels positively correlate with cardiovascular risk in humans (76) , MPO knockout mice develop atherosclerosis more rapidly than WT (96) . MPO or EPO overexpresses are not available yet, but in the future they may also provide clues to the role of MPO and EPO in pathology. Enhanced removal of H 2 O 2 by stable transfection of cells with catalase can also be useful to assess the contribution of the hemeperoxidase pathway (60) . The hemeperoxidaseindependent nitration observed in MPO and EPO knockouts (15) may be due, in addition to peroxynitrite, to the LMW metal-dependent pathway (12) . The recent development of IRPs knockout mice (97) offers opportunities to study inflammatory models and nitration in the context of altered iron homeostasis.
Circulating immune system cells (i.e., monocytes and neutrophils) from patients suffering from genetic deficiencies of NADPH oxidase (chronic granulomatous disease) or MPO (MPO deficiency) have altered interactions of • NO with oxidants (25, 62) . Future studies on cells and tissues from these patients may offer important opportunities to understand the mechanisms of biological protein nitration in humans.
Conclusion and Perspectives
The analysis presented herein shows that biological protein tyrosine nitration † † mainly occurs through free radical pathways, and that there is an interplay involving excess • NO, oxidants, and transition metal centers. The individual or combined contribution of the peroxynitrite and hemeperoxidase͞transition metal-dependent pathways to biological nitration, the detection of nitrated proteins with altered function in vivo, and the data arising from pharmacological and genetic approaches support the significance of nitration as a biochemical process linked to • 
